Dual antiplatelet therapy with aspirin and clopidogrel reduces adverse cardiovascular events, including death, stroke, myocardial infarction, recurrent ischemia, and urgent target vessel revascularization after percutaneous coronary intervention (PCI) (1) with enhanced platelet reactivity associated with an increased incidence of adverse ischemic events (2) . Aspirin and clopidogrel are associated with a heterogeneous platelet aggregation response as shown using various platelet function assays (3) (4) (5) . Light transmission aggregometry (LTA) is considered the "gold standard" for platelet function testing (6) and has been used to demonstrate significant heterogeneity in platelet aggregation after antiplatelet therapy in populations with and without cardiovasSee page 1060 cular disease (CVD) (4) . However, due to labor-intensive assays, expense, confinement to a clinical laboratory, potential for inconsistency, and delayed availability of results, LTA is difficult to use clinically at the bedside (6) . Additionally, an increasing clinical interest in evaluating immediate patient response to antiplatelet therapy has led to the development of various rapid platelet function assays (7) .
The VerifyNow System (Accumetrics, San Diego, California) is closely modeled after LTA and uses similar reagents and photospectometry to measure light transmittance in whole samples of blood (8) . A previous study using the VerifyNow System to measure platelet reactivity reported a heterogeneous response to clopidogrel in subjects with multiple risk factors for CVD (3) . The etiology behind this heterogeneous response to clopidogrel is incompletely understood. Multiple studies attempting to characterize this phenomenon have identified interpatient pharamacokinetic and pharamacodynamic variation, including differences in drug absorption, bioactivation by hepatic cytochrome P450 enzymes, platelet cell surface P2Y12 and glycoprotein (GP) receptor polymorphisms, drug-drug interactions, baseline platelet reactivity, and metabolic profile as potential factors (9 -11) . However, clinically useful indicators and biomarkers to identify patients at risk for suboptimal platelet inhibition (PI) with clopidogrel remain unclear.
Increased tendency for platelet aggregation is associated with diabetes mellitus (DM) (12) , smoking (13) , hyperlipidemia (14, 15) , higher fibrinogen (16) , and a history of coronary atherosclerosis (17) . Further, plasma fibrinogen Ն375 mg/dl is associated with suboptimal PI with the GP IIb/IIIa inhibitor epitifibatide (18) . We undertook this study to determine the level of PI achieved with clopidogrel as measured with the rapid platelet function assay VerifyNow in patients with CVD, and to define the role of clinical and biochemical factors known to affect platelet reactivity on the platelet response to clopidogrel.
Methods
Patient selection. The study protocol was approved by the Institutional Review Board of the University of California, San Diego, and informed written consent was obtained from study participants. Patients with established CVD requiring treatment with clopidogrel were prospectively recruited and enrolled. Subjects included, but were not limited to those with prior coronary or peripheral vascular interventions, those undergoing elective PCI, elective peripheral vascular intervention, and being medically treated for an acute coronary syndrome. All subjects were considered for inclusion if they were treated with clopidogrel 75 mg daily for a minimum of 7 days or were administered a 600-mg bolus at least 24 h before enrollment. Exclusion criteria included age younger than 18 years, anemia (hemoglobin Ͻ10 g/dl), thrombocytopenia (platelet count Ͻ100,000 cells/l), diagnosis of inherited platelet disorders, serum triglycerides Ն400 mg/dl, chronic liver disease, GP IIb/IIIa inhibitor administration (within previous 30 days), and acute myocardial infarction within 72 h. Measurements. Demographic information, baseline laboratories including complete blood count, lipid panel, and serum markers of inflammation (C-reactive protein [CRP] , fibrinogen) were obtained in all subjects. The complete blood count was performed using the Abbott Cell-Dyne 3500 Analyzer and commercial reagents (Abbott, Abbott Park, Illinois). Lipid panel and CRP were measured using a Beckman Coulter Synchron LX 20 analyzer and commercial reagents (Beckman Coulter, Fullerton, California). Fibrinogen was measured using the Beckman Coulter ACL-TOP analyzer with Instrumentation Laboratory reagents (Instrumentation Laboratory, Lexington, Massachusetts). Platelet function testing was performed using the bedside rapid platelet function VerifyNow P2Y12 and aspirin assays. Blood sample collection. Whole samples of blood were obtained from the femoral artery catheter introducer sheath inserted before PCI or from the antecubital fossa vein using standard phlebotomy techniques. The first 4 ml of blood taken from either location were discarded before being drawn into a syringe and transferred into standard tubes for respective serology assays and 2-ml Bio-One Vacuette tubes (Greiner Bio-One North America Inc., Monroe, North Carolina) containing 3.2% sodium citrate specifically for platelet function testing. VerifyNow System. The cartridge-based VerifyNow System utilizes optical turbidometry to rapidly assess platelet function and strongly correlates with traditional LTA (5). This method of platelet function testing depends on platelet reactivity in vitro and allows for evaluation of platelet function with thienopyridine, aspirin, or GP IIb/IIIa inhibitor therapy. In the P2Y12 assay, adenosine diphosphate agonist activates platelets at P2Y12 and P2Y1 cell surface receptors while prostaglandin E1 increases assay specificity by blocking signaling through the P2Y1 receptor. Activation at the P2Y12 receptor causes flattening of platelet shape, liberation of intracellular GP IIb/IIIa receptor reserves, and conformational change of the GP IIb/IIIa beta integrin subunit that increases receptor affinity for fibrinogen (19) . These effects lead to increased platelet aggregation around fibrinogen-coated beads and light transmittance through the sample reported as P2Y12 response units (PRU). Unique to the P2Y12 assay, a high concentration of thrombin receptor activating protein (iso-TRAP) is added to the blood sample to circumvent the P2Y12 receptor signaling pathway and induce maximal platelet activation and aggregation. This is designed to allow platelet function before clopidogrel treatment ("baseline") to be determined without discontinuing treatment, and for PI to be measured in clopidogrel users. Platelet inhibition is calculated as the quotient of PRU "base" minus post-treatment PRU "result" and PRU "base" (20) .
In the aspirin assay, a lyophilized arachidonic acid reagent is converted to thromboxane A2 platelet agonist by the cyclooxygenase-1 enzyme (21). Thromboxane A2-induced platelet activation in vitro is reported as aspirin response units, which negatively relates to the efficacy of cyclooxygenase-1 inhibition by aspirin. This assay has high sensitivity (85%) and specificity (100%) (22) with aspirin response units Ն550 indicating the failure of aspirin to adequately inhibit platelets. Statistical analysis. Data were collected and analyzed with the use of SPSS software (version 15.0, SPSS Inc., Chicago, Illinois). Categorical variables are reported as percentages while continuous variables are reported as mean Ϯ SD. Distribution of PI achieved was confirmed for normality using the Kolmogorov-Smirnov test. Correlations between continuous variables and PI achieved were evaluated using Pearson's correlation or point-biserial correlation as appropriate. Categorical variables were analyzed by comparing the PI achieved within each subgroup using independentsamples 2-tailed t tests. The PI by fibrinogen tertiles was determined and compared using an analysis of variance. The p values Ͻ0.05 indicated significant relationships.
Age, gender, and all factors known to affect platelet reactivity that were associated with PI in univariate analysis (p Յ 0.05) were entered into a multiple variable analysis model. The effects of DM, elevated fibrinogen, and their interaction were evaluated in multiple regression after controlling for the aforementioned covariates including age, gender, venous blood sampling, history of hyperlipidemia, and body mass index (BMI) Ն25 kg/m 2 . Adjusted PI means for groups based on DM and fibrinogen were computed using the significant control variables from the regression analysis.
Results
A total of 157 subjects (67.2 Ϯ 12.2 years; 59.9% men) treated with clopidogrel were enrolled in the study (Fig. 1 , Table 1 ). There was a high prevalence of multiple risk factors for CVD, and the majority of subjects had previously undergone coronary revascularization. Clopidogrel was administered to the majority of patients for coronary or peripheral vascular stent placement. Concomitant aspirin and statin use was observed in 89.1% and 72.4% of the study population, respectively. The majority of subjects were being treated with clopidogrel Ն7 days (n ϭ 137) while the rest received a 600-mg bolus dose of clopidogrel 24 h before recruitment (n ϭ 20). The measured PI followed a normal, bell-shaped distribution (mean 40.8 Ϯ 26.2%) (Fig. 2) with a strong negative correlation with the final PRU values (r ϭ Ϫ0.879; p Ͻ 0.001) ( Table 2 ). There was no correlation Baseline Demographics of the Study Population (Fig. 3) . Patient response to aspirin coadministration revealed no significant relation with level of PI with clopidogrel (r ϭ Ϫ0.097; p ϭ 0.239). Indicators of inflammation including CRP Ͼ0.5 mg/dl, white blood cell count, platelet count, and past cardiovascular history including prior history of stable angina or unstable angina, myocardial infarction, coronary artery bypass graft surgery, and PCI did not demonstrate a significant relation with PI achieved. Similarly, smoking was not found to be associated with the PI achieved with clopidogrel. Notably, significantly higher final PRU values were observed in the presence of an elevated fibrinogen Subject age, gender, and measured variables known to affect platelet reactivity that showed significant univariate relationships with PI were included in a multiple variable linear regression model. Before testing for interactions, elevated fibrinogen (Ն375 mg/dl) (p ϭ 0.047), DM (p ϭ 0.021), and increased BMI (Ն25 kg/m 2 ) (p ϭ 0.031) were Baseline Laboratory and Platelet Function Assay Results ARU ϭ aspirin response units; CBC ϭ complete blood count; CRP ϭ C-reactive protein; PRU ϭ P2Y12 response units. CABG ϭ coronary artery bypass graft surgery; CRP ϭ C-reactive protein; PCI ϭ percutaneous coronary intervention; PI ϭ platelet inhibition; other abbreviations as in Table 1 .
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Predictors of Platelet Inhibition With Clopidogrel the only factors associated with lower PI with clopidogrel ( Table 5 ). Evaluation of these variables for interactive effects revealed a significant interaction between elevated fibrinogen and DM while no other interaction was detected. After including this interaction in the multiple variable model, elevated fibrinogen and DM lost statistical association with PI (p ϭ 0.600 and 0.457, respectively) independent of each other. Elevated fibrinogen level in the presence of DM was associated with lower PI (p ϭ 0.024) while higher BMI (Ն25 kg/m 2 ) regardless of fibrinogen level or DM remained significantly associated with lower PI (p ϭ 0.026) ( Table 5) .
The adjusted PI (mean Ϯ SD) was significantly lower for diabetic subjects with elevated fibrinogen (23.9 Ϯ 3.9%) compared with diabetic subjects without elevated fibrinogen (45.1 Ϯ 4.5%) (p Ͻ 0.001) (Fig. 4) . No significant difference existed in PI for nondiabetic subjects with elevated fibrinogen (44.7 Ϯ 4.4%) compared with that in nondiabetic subjects without elevated fibrinogen (46.3 Ϯ 4.8%) (p ϭ 0.244) (Fig. 4) . Adjusted PI was also significantly lower for subjects with increased BMI (36.8 Ϯ 9.0%) compared to those with normal BMI (49.0 Ϯ 7.0%) (Fig. 5) .
Discussion
This study documents a heterogeneous PI response to clopidogrel for patients with CVD as measured with a rapid platelet function assay. The presence of elevated fibrinogen (Ն375 mg/dl), DM, and high BMI (Ն25 kg/m 2 ) are all associated with lower PI after treatment with the oral thienopyridine clopidogrel in subjects with CVD. Most importantly, elevated plasma fibrinogen is identified as a unique factor associated with the lower PI in diabetic subjects who are generally at higher risk for cardiovascular events.
This study uniquely addresses the phenomenon of suboptimal PI achieved in the diabetic patient by revealing a significant interaction between elevated plasma fibrinogen Ն375 mg/dl and the presence of DM. This finding may be an important step in explaining the prothrombotic effects observed in diabetic patients. A persistently elevated fibrinogen level is associated with the development of CVD (23), and an elevated plasma fibrinogen level is also associated with achieving suboptimal PI with the GP IIb/IIIa inhibitor eptifibatide (18) . The current study demonstrates a similar finding with the thienopyridine clopidogrel. The relation between an elevated fibrinogen level and lower PI in response to clopidogrel was strongest in diabetic subjects who are also known to have higher fibrinogen levels (24) . Fibrinogen mediates platelet plug formation and stabilizes clots though the polymerization of fibrin. Platelet plugs are formed as fibrinogen binds and crosslinks exposed GP IIb/IIIa receptors on platelet cell surfaces while fibrin is produced by the proteolytic cleavage of fibrinogen by thrombin (19) . Antiplatelet therapy interferes with this process by inhibiting platelet activation, limiting the availability of GP IIb/IIIa receptors at the platelet surface, and lowering GP IIb/IIIa binding affinity to fibrinogen (9) . Fibrinogen concentration in serum may also decrease by 10% to 25% with thienopyridine administration, further contributing to the antiplatelet effects of these agents (25) .
The etiology for clopidogrel resistance in diabetic patients is multifactorial, and insulin resistance and systemic inflammation play a significant role (26) . Insulin resistance characteristic of type II DM exhibits both direct and indirect effects on platelets. Directly, decreased platelet sensitivity to insulin is associated with reduced P2Y12 receptor inhibition and increased platelet reactivity (27) . Indirectly, hyperglycemic states have also been implicated in nonenzymatic glycation of platelet GPs resulting in altered platelet struc- HDL ϭ high-density lipoprotein; LDL ϭ low-density lipoprotein; other abbreviations as in Table 2 .
Correlation Between Platelet Inhibition With Clopidogrel and Continuous Variables
ture, conformation, and membrane lipid dynamics (28) . Further, strict control of serum glucose levels have been shown to diminish platelet aggregation (26) . Clinically, Buonamici et al. (2) have demonstrated that DM is significantly more prevalent in individuals who obtain Յ30% PI with clopidogrel, who are also at an increased rate of late stent thrombosis and death compared with those achieving Ͼ30% PI. In this study, we also identify the presence of DM as a factor associated with lower PI. However, this finding was only significant in the presence of an elevated serum fibrinogen level. Diabetic subjects with fibrinogen Ն375 mg/dl only achieve 23.9% PI with clopidogrel, and an elevation in this biomarker might identify a group of diabetic patients who require a higher dose of this thienopyridine or an alternative agent for optimal PI.
In addition to being a common end product of both intrinsic and extrinsic clotting cascades, fibrinogen is also an acute-phase reactant of inflammation. It, along with other acute-phase reactants including CRP, is synthesized and released by hepatocytes in increased amounts when triggered by specific inflammatory cytokine signaling produced in the presence of DM (29) . However, in this study no difference in PI achieved was observed between individuals with lower circulating CRP Յ0.5 mg/dl and those with higher circulating CRP Ͼ0.5 mg/dl. This is consistent with the results of another study that failed to demonstrate a role of CRP with platelet aggregation (22) . In addition, no relation between other markers of inflammation including white blood cell and platelet counts, and PI achieved with clopidogrel was observed. These findings are consistent with the hypothesis that fibrinogen affects PI by its direct interaction (30) , larger body size is also associated with superior 1-year clinical outcomes for death, myocardial infarction, and stroke after PCI (31) . Potential confounders for these findings include the effects of age and gender differences in the 2 studies. The finding that higher BMI is associated with lower PI is intuitive, confirms previous findings (31) , and raises into question the administration of the same maintenance dose of clopidogrel to all patients regardless of BMI.
Results of Multiple Variable Analysis
Several other factors known to affect platelet aggregation, including low-density and high-density lipoprotein levels, smoking status, presenting with an acute coronary syndrome, history of coronary artery disease, and inflammatory state (CRP, white blood cell, and platelets) were not found to have a significant relation with the PI observed with clopidogrel. Although a history of hyperlipidemia was associated with lower PI after univariate analysis, this relation did not retain significance after multivariate analysis. Further, the use of statins and specific use of atorvastatin was not associated with PI, a finding supported by a post-hoc analysis of the CHARISMA (Clopidogrel for High Atherothrombic Risk and Ischemic Stabilization, Management and Avoidance) trial, which revealed no adverse clinical interaction during coadministration of clopidogrel and statins (32) . Additionally, patient response to concurrent aspirin administration did not show a significant relation to the degree of PI achieved demonstrating that the PI response observed with aspirin and clopidogrel therapy are independent of each other.
Finally, in patients with established CVD, the mean PI of 40.8% as measured by the VerifyNow assay is similar to the 41.9% PI achieved in a similar population using LTA (4) . A recent head-to-head comparison of LTA and the VerifyNow P2Y12 assay showed a strong correlation between final PRU values and percent "peak" aggregation according to LTA after clopidogrel administration (r ϭ 0.73; p Ͻ 0.01) (5) . Our findings also show that PRU "result" values, rather than "base" values, highly correlate with calculated PI (r ϭ Ϫ0.879; p Ͻ 0.001), implying that baseline platelet reactivity might have a less significant role in the final PI achieved. Recent studies linking level of PI achieved with clinical outcomes have all utilized LTA, and studies with the VerifyNow P2Y12 assay linking clinical outcomes are required to further validate this assay for routine clinical practice.
Study limitations.
Polymorphisms of the hepatic cytochrome P450 enzymes were not evaluated, possibly allowing confounding effects from altered drug metabolism of clopidogrel. The diagnosis of DM in study subjects was determined from direct patient interviews and review of medical records rather than from evaluation of serum glucose and glycosylated hemoglobin levels. Nevertheless, in a clinical environment, fibrinogen is an easy marker to measure, and may serve as an indicator of a high-risk patient for thrombotic risk due to poor PI in response to therapy with the thienopyridine clopiodgrel.
Conclusions
A heterogeneous, normally distributed platelet reactivity response to clopidogrel in subjects with CVD is demonstrated using a rapid platelet function assay. Elevated plasma fibrinogen Ն375 mg/dl, the presence of DM, and BMI Ն25 kg/m 2 are associated with lower PI with clopidogrel therapy in subjects with CVD. A significant interaction between elevated plasma fibrinogen and DM exists, identifying elevated plasma fibrinogen as a unique factor associated with lower PI in diabetic patients. Increased BMI remains independently associated with lower PI after clopidogrel therapy.
